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Czech J. Food Sci., 34, 2016 (6): 469-487 doi: 10.17221/21/2016 Characteristically, about 90% of listeriosis occurs in persons with a predisposing condition or diseased state, such as pregnancy, neo-natality, malignancy, transplantation, alcoholism, immunosuppressive therapy, diabetes, old age, and HIV, thus leading to central nervous system (CNS) infections, premature abortions, septicaemia, neonatal infections, and still births (Schuchat et al. 1992; Crum 2002) . Initial clinical symptoms associated with listeriosis are muscle aches with fever and gastrointestinal indications like nausea or diarrhoea while more severe syndromes accompanying the infection are shown in Table 1 . In the United States about 1600 people get listeriosis each year.
It is speculated that L. monocytogenes is primarily transmitted through the consumption of contaminated foods including processed unpasteurised milk, meats, and soft cheeses (Asahata et al. 2015; Khan et al. 2016a) . It is the 3 rd leading cause of death from food poisoning. The incidence of listeria outbreaks is highly related to food and its type. In Japan, people consume ready-to-eat (RTE) seafood, including sashimi and sushi. Examination of RTE seafood in Japan revealed that raw minced tuna, which is a common appetiser in Japan, and fish roe products are frequently contaminated with L. monocytogenes (5.7-12.1% of the time) (Miya et al. 2010) . The United States Food and Drug Administration (USFDA) has established preventive regulatory guidelines for raw seafood, such as RTE foods (processed delicatessen meats, meat spreads, soft cheeses, cooked cold chicken, smoked seafood, and pre-prepared salads) that can support L. monocytogenes growth (FDA 2008) , and these guidelines have been effective in reducing the incidence of L. monocytogenes infection (Tappero et al. 1995) .
Furthermore, not all the strains of L. monocytogenes are identical and there exists a prominent variation in adaptation to environments, virulence and resistance to adverse conditions. Vital steps in minimising listeriosis include preventing contamination and controlling the incidence of the pathogen in food chain and foodstuffs. Adopting technologies, agents, and new practices for controlling L. monocytogenes are established and their effects on the pathogen and foodstuffs have to be studied carefully. Eradication of the pathogen from the food chain is barely possible, but contamination needs to be decreased and a high level of growth prevented.
Therefore, the purpose of this review article is to highlight the current status of incidence, contamination routes of L. monocytogenes in various food products and processing environments, and highlight the future trends.
Human cases of listeriosis. Centers for Disease Control & Prevention (CDC) reported that L. monocytogenes is responsible for approximately 1600 confirmed listeriosis cases, resulting in 60 deaths every year in the United States alone (Scallan et al. 2011) . The European Food Safety Authority (EFSA) also reported a total of 1763 human confirmed cases and 191 deaths due to listeriosis. The highest number of deaths was observed in France with 64 cases in 2013 (EFSA 2014). The incidence of L. monocytogenes infections is much higher in Western Europe and North America than in Japan. It was estimated that in 2006 the incidence of L. monocytogenes infections was 0.65 cases per 1 million inhabitants in Summa & Walker (2010) Arterial infections Cone et al. (2008) Spontenous bacterial peritonitis Tablang (2008) Pneumonia Koufakis et al. (2015) Self-limited febrile gastroenteritis Asahata et al. (2015) Fournier's gangrene Asahata et al. (2015) Septic/infectious arthritis Del Pozo et al. Japan as compared to the US and Europe with 2.9 and 6.3 cases per 1 million inhabitants, respectively (Asahata et al. 2015) . However, the average annual incidence of human listeriosis in the US was 0.26 cases per 100 000 individuals in 2013 (Crim et al. 2014) . About 42% decline was observed by 2012 in the incidence of listeriosis when compared to 1996-1998. However, there was no observed change in the incidence of listeriosis in 2012 compared to -2008 (Fretz et al. 2010 . Foodborne listeriosis occurs rarely but it is usually associated with a high mortality rate. Detailed description of several worldwide listeriosis outbreaks have been reported and serotype 4b is known to be the most common cause of this foodborne disease; however, serotype 1/2a is known to be the cause of sporadic cases (Gerner-Smidt et al. 1995; Swaminathan et al. 2001; Pan et al. 2009) . A total of 2161 human cases of listeriosis were reported in 2014 (EFSA 2014). According to the report, the EU notification rate was 0.52 cases per 0.1 million. There has been a steady and significantly increasing trend in listeriosis in the EU/EEA since 2008. In 2012, there were observed 4 confirmed outbreaks in the US. The largest listeriosis outbreak in the US history occurred in 2011, when 147 illnesses, 33 deaths, and 1 miscarriage occurred among residents of 28 states; the outbreak was linked with the consumption of cantaloupe which was brought from one single farm. Detailed information on L. monocytogenes outbreaks from 2010 to the present in the US, Europe, and Australia is illustrated in Table 2 .
Transmission/contamination. Historically, L. monocytogenes was not strictly recognised till the 1980's as involved in causing foodborne illness. In the 1920's, it was referred to as a human pathogen first associated with infection in farmers and veterinarians who got the disease straight from the farm animals (Hellström 2011). Listeria infections have been reported in many domestic animals, yet ruminants are most commonly susceptible to animal listeriosis (Louria et al. 1967) . Prolonged excretion of L. monocytogenes in milk by not only diseased but also healthy animals was described (Wagner et al. 2000) . The foodborne illness is more or less specifically associated with numerous groups of contaminated foods including cheeses, dairy products, beef, and pork (Amagliani et al. 2007 ). Sea food is also considered as a prospective source of the pathogenic bacterium L. monocytogenes (Carter 2005) . It has been observed that the application of crude and unprocessed manure onto pastures has resulted in the contamination of soil and water which consequently transmit the species to fruits and vegetables (Mandal et al. 2011) .
There are various sources and routes through which L. monocytogenes contamination and transmission may occur. The common routes are given below.
Food and food processing plants. L. monocytogenes is a ubiquitous organism that is widely distributed in the environment and can contaminate food through contact with contaminated surfaces. This bacterium has often been found in food processing plants. Thus constituting specific niches from which the pathogen can be spread to food contact surfaces and food products (Tompkin 2002) . Martín et al. (2014) identified a number of factors involved in the adaptation of L. monocytogenes in meat processing plants such as strain modification (specific genetic and physiological traits), biofilm formation, and an inefficient cleaning and disinfection procedure. A previous study reported the role of the integrated comK prophage in rapid adaptation to specific niches, biofilm formation, and L. monocytogenes persistence in food processing plants (Verghese et al. 2011) . However, some authors reported a moderate level of L. monocytogenes contamination after cleaning and disinfecting the plants surfaces (Chasseignaux et al. 2001; Lopez et al. 2008) . Studies showed that some strains were able to overcome the different hurdles of meat product processing and were well adapted to the environmental conditions of the plants. The ability to form biofilms could contribute to strain adaptation, persistence, and resistance to sanitisers (Meloni et al. 2012; Martín et al. 2014) . Most likely, biofilm formation occurs in sites within the manufacturing environment that are hard to reach and sanitise and that accumulate food residues and water for long time periods (Chmielewski & Frank 2003; Verghese et al. 2011) . Cross contamination may occur when food passes over contaminated surfaces or via exposure to condensate, or aerosols that originate from contaminated surfaces (Chmielewski & Frank 2003) . The irreversible attachment of L. monocytogenes depends upon the strain and contact time between the cell and the substrate in the food processing plants. Lundén et al. (2000) reported that the most prevalent serotype of L. monocytogenes (serotype 1/2c) found in food processing plants had good adhesion ability and required only a short contact time for attachment. L. monocytogenes strains have been isolated from various environmental surfaces such as conveyor floor drains, belts, storage tanks, condensate, and hand Review Czech J. Food Sci., 34, 2016 (6) trucks. These are all surfaces on which the biofilm is expected to be formed. Most likely, the growth of L. monocytogenes strains in the food processing plant and their biofilm formation increases the general contamination level in the food processing plant. Such contamination is the direct indication of unsatisfactory decontamination procedures which ultimately put exposed food products at risk. Environmental sources. L. monocytogenes is ubiquitous and mostly found in soil, water, and feed as shown in Table 3 . However, their populations are low in number. In addition, organic fertilisers of animal origin may be the main route of soil contamination promoting the growth of L. monocytogenes. The incidence of L. monocytogenes in surface water seems to be linked to direct upstream land use, most specifically, crop land, silage factory, and proximity to dairy farms. Silage is the most common source of L. monocytogenes contamination (Gismervik et al. 2015) . Many wild and domestic animals harbour L. monocytogenes in their intestines. The farm environment is frequently contaminated with L. monocytogenes, and especially ruminant farms may represent an important natural reservoir. Faecal carriage in livestock animals such as goats, cattle, and sheep etc. of L. monocytogenes has been widely reported. The prevalence of the pathogen in wild animals ranged from 1% to 60%. However, in Japan, less than 1% of prevalence of L. monocytogenes was found in wild animals (Lyautey et al. 2007a) . L. monocytogenes has been found in many types of foods, but their numbers are usually low and below the detection limit. The prevalence of L. monocytogenes is often high in food products that are minimally processed or the capability of contamination after thermal treatment. As shown in Table 2 , the majority of outbreaks are linked to refrigerated and RTE foods that are consumed without proper heating. Generally, L. monocytogenes gets more opportunities to reside in foods because of the increased demand and availability of RTE foods and extended shelf life.
Prevention of contamination in food
Pasteurisation/cooking. Pasteurisation as a conventional heating process to eliminate spoilage and pathogenic bacteria from the food products is still a common technique nowadays. Pasteurising temperature ranges from 60°C to 80°C, below the boiling point of water (Silva & Gibbs 2012) . Cooking is another effective method to control L. monocytogenes in foods. However, listericidal effectiveness of the thermal process may not be suitable for all the foods, as these processes bring huge effects on nutritional and sensory characteristics of foods. Many hurdle technologies, including thermal and non-thermal technologies, have been extensively studied to eliminate or reduce the population of L. monocytogenes in foods (Rajkovic et al. 2010) . Different technologies and their effect on L. monocytogenes in food products are illustrated in Table 4 .
Chemical sanitisers. Many chemical sanitisers have been evaluated to control the organism Khan et al. 2016b) . Organic acids such as acetic acid, fumaric acid, benzoic acid are food grade substances and have been used as food preservatives in the food industry since its development. European Commission, FAO/WHO, and FDA permitted the use of these organic acids as food preservatives and categorised them as generally recognised as safe (GRAS) (Surekha & Reddy 2000; Al-Juhni & Newby 2006; Molatová et al. 2010; Gonzalez-Fandos & Herrera 2014) . All the organic acids showed strong antimicrobial activity against L. monocytogenes in laboratory media, in sheep and beef (Vermeulen et al. 2007; Molatová et al. 2010; Takala et al. 2011; He et al. 2013; Gonzalez-Fandos & Herrera 2014) .
Inorganic acids such as sulphite and nitrite have shown excellent antimicrobial activity against L. monocytogenes (Brandt et al. 2011) . Brandt et al. (2011) found significant inhibition of L. monocytogenes after combined treatment with acidic calcium sulphate and octanoic acid. Moreover, the effect of sodium nitrite with high hydrostatic pressure against e. coli BW25113 and L. monocytogenes NCTC 11994 showed a synergistic reduction of bacterial count at pH 4.0 (Alba et al. 2013) .
Novel decontamination techniques. Food irradiation processing technology, gamma irradiation is highly used as a safe and proven method worldwide for food product preservation. This technology has been evaluated against L. monocytogenes in food products to control L. monocytogenes (Lacroix & Ouattara 2000) . Irradiation techniques exploit different sources of irradiation production including X-ray machines, gamma rays (γ-rays), and electron accelerators for various food products (Solanki et al. 2012) . Recently, Huq et al. (2015) found a synergetic inhibitory mechanism when γ irradiation in combination with cinnamon essential oil, oregano essential oil, and nisin was applied against L. monocytogenes in ready-to-eat ham. The shelf life was extended up Review Czech J. Food Sci., 34, 2016 (6): 469-487 doi: 10.17221/21/2016-CJFS Food Sci., 34, 2016 (6): 469-487 doi: 10.17221/21/2016 to 28 days and the bacterial count was lower than the detection level. However, this treatment is not generally accepted by EU inhabitants. High pressure processing (HPP) techniques play a vital role in food decontamination. The effectiveness of HPP was reported to be high against Gram-negative bacteria compared to Gram-positive bacteria because of the difference in their membrane composition (Shigehisa et al. 1991) . The effect of HPP on L. monocytogenes depends on the pressure applied. When pressures of 300, 500, and 700 MPa were applied against L. monocytogenes for up to 9 min, L. monocytogenes populations decreased by 1, >3, and >5 logs, respectively. However, pressurisation at 700 MPa showed the fastest inactivation of L. monocytogenes, which was reduced from 10 8 to 10 2 CFU/package during the come-up time (Lucore et al. 2000) . The mechanism of HPP action is well documented. The effects are very prominent and clear such as cell membrane and cell entity disruption including enzymes and genetic materials (Malone et al. 2002) . The demand for safer and RTE foods by consumers, the numbers of HPP techniques have risen exponentially. HPP was commercially used by one industry in 2009, however, by 2009 the numbers increased to 128 (Campus 2010; Heinz & Buckow 2010) .
Ozone is considered as a GRAS non-thermal technique highly used in the food industry to destroy bacteria and extend the shelf life of raw food products and minimally processed vegetables and fruits (Concha-Meyer et al. 2015) . Ozone has the advantage of not leaving any residue decomposition into oxygen (White 1992) . The efficacy of ozone in combination with heat to control L. monocytogenes, S. typhimurium, and e. coli O157:H7 in the apple juice has recently been reported (Sung et al. 2014) . The efficacy of aqueous ozone treatment in eliminated L. monocytogenes on inoculated lucerne seeds and sprouts has been evaluated. The results showed that ozonated water at the initial ozone concentration of 21.3 ± 0.2 µg/ml for 20 min significantly reduced the population by 1.48 log 10 CFU/g. While the treatment of lucerne sprouts for 2 min with water containing 5.0 ± 0.5, 9.0 ± 0.5, or 23.2 ± 1.6 µg/ml of ozone resulted in significant reductions of 0.78, 0.81, and 0.91 log 10 CFU/g, respectively, compared to populations detected on sprouts treated with water (Wade et al. 2003) .
Pulsed electric field (PEF) is an alternative nonthermal pasteurisation method used for food product preservation in the food industry for a very long time (Yeom et al. 2000) . PEF can inactivate the pathogen using high electric field pulses (>~18 kV/cm) for a short time. The PEF inactivation technique consists of a pulse generator, fluid handling system, treatment chamber, and monitoring systems. The PEF treatment chamber holds two parallel insulated electrodes and food products for the high voltage treatment (Min et al. 2007) . Saldaña et al. (2010) studied the effect of PEF on the inactivation of L. monocytogenes STCC 5672 and S. aureus STCC 4459 in McIlvaine buffer at different pH. The highest inactivation levels achieved were 3.3 and 6.1 log 10 cycles for L. monocytogenes and S. aureus, respectively, at pH 3.5 after 500 μs of 35 kV/cm (Saldaña et al. 2010) . Similar results were obtained in pasteurised whole, 2%, and skim milk inoculated with Listeria monocytogenes Scott A. After treatment with high-voltage PEF, 1-3 log 10 cycle reductions of L. monocytogenes were observed irrespective of the milk used (Reina et al. 1998) . In addition, the target organism can be inactivated using PEF facilities for liquid food preservation causing less damage to the sensory and nutritional properties (Mattar et al. 2015) .
Ohmic heating is one of the sterilisation techniques practiced in food science since 1980. It is also known as Joule heating, electroheating, and electroconductive heating (Gomathy et al. 2015) . Ohmic heating has shown several potential applications in dehydration, blanching, extraction, evaporation, pasteurisation, fermentation, and sterilisation (Knirsch et al. 2010a, b) . Lee et al. (2012) studied the effect of ohmic heating on L. monocytogenes and other foodborne pathogens in orange and tomato juice. In tomato and orange juices, treatment with 25 and 40 V/cm for 30 and 60 s, respectively, was sufficient to achieve a 5-log reduction in L. monocytogenes . However, the inactivation of pathogens depends on applied electric field strength, electrical conductivity, and treatment time. Thus, continuous ohmic heating could effectively control foodborne pathogens in the fruit juice industry over conventional heating methods.
Electrolysed water (EW) as a sanitiser has been studied for the last three decades in the food industry (Rahman et al. 2010a . Electrolysis of water produces two different forms of water, i.e. reduced or alkaline water (high pH) and acidic or oxidised water (low pH) (Rahman et al. 2016) . The efficacy of EW alone or in combination with other antimicrobial agents against L. monocytogenes and other pathogens has been evaluated (Table 5) . used fumaric acid (0.5%) and strongly acidic EW against e. coli O157:H7, Temperature (°C).
Suspension, food product Reference
Ohmic heating range of 25-40 V/cm 0.5-1.5 > 5/ml 22 orange and tomato juice Lee et al. (2012) range of 10-20 V/cm 1.5-2 > 5/ml 22 Sagong et al. (2011) Pulsed electric field frequency 1700 Hz, pulses 1.5 µs, flow rate 7 ml/s -> 4/ml 50 milk Reina et al. (1998) 28 kV/cm for 400 mus, pH 3.5 -6/ml 35 suspension Gómez et al. (2005) 20 kV/cm, 10 pulses/min, pulse width 3.25 µs -4.5/ml 55 Fleischman et al. (2004) 25 kV/cm, pulses width 800 µs, frequency 1 Hz, pH 3. Czech J. Food Sci., 34, 2016 (6): 469-487 doi: 10.17221/21/2016-CJFS Other preservatives. Nisin is naturally derived from Lactococcus lactis subsp. lactis, generally known as bacteriocin. The use of nisin as a preservative in the food industry can be traced back to the 1950s. It is categorised as GRAS and permitted by the United States Food and Drug Administration in food as a preservative since 1980 (Dillon & Board 1994) . Da Silva Malheiros et al. (2012) studied the inhibitory effect of nisin and bacteriocin-like substance (BLS) P34. Both substances were encapsulated in partially purified soybean phosphatidylcholine and phosphatidylcholine cholesterol (7 : 3) liposomes. They found remarkable inhibitory effects of partially purified soybean phosphatidylcholine liposome encapsulated with nisin/BLS-P34 in Minas Frescal cheese against L. monocytogenes for 10 days of storage. In another study, liposome encapsulated nisin in combination with nisin (1 : 1) exhibited a strong inhibitory effect against L. monocytogenes CIP 82110 as compared to free or 100% encapsulated nisin alone (Imran et al. 2015) . Recently, the combined inhibitory effect of nisin and d-limonene nanoemulsion on L. monocytogenes was evaluated. The count of L. monocytogenes bacteria was reduced by at least 3 log units after 90 min of incubation with the nanoemulsion and it inhibited the organism for four weeks (Maté et al. 2015) . Furthermore, the shelf life of Ricotta-type cheese with the addition of 2.5 mg/l nisin which inhibited the growth of the foodborne pathogen L. monocytogenes was longer for more than 2 months compared to the cheese without nisin (1-2 weeks only) (Sobrino-López & Martín-Belloso 2008) .
Other lactic acid bacteria have already shown the production of a number of antimicrobial agents, e.g. lactic and acetic acids, hydrogen peroxide, propionic acid, formic acid, diacetyl, phenyllactic acid, 4-hydroxyphenyllactic acid, reuterin, 3-hydroxylated fatty acids (Schnürer & Magnusson 2005) . Phenyllactic acid is highly active against microbes at mg/ml concentrations. In addition, phenyllactic acid in combination with other metabolites produced by lactic acid bacteria certainly showed synergism with the overall antimicrobial effect. The anti-listeria activity of d-3-phenyllactic acid has been evaluated by a number of researchers (Dieuleveux & Guéguen 1998; Manu 2012) . Dieuleveux and Guéguen (1998) evaluated the inhibitory effects of d-3-phenyllactic acid compound isolated from Geootrichum candidum against L. monocytogenes in UHT whole milk. Results showed that the compound has bacteriostatic effects while reducing the population size by 4.5 log. Reuterin is another antimicrobial agent produced by Lactobacillus reuteri. Arqués et al. (2008) reported the antimicrobial activity of reuterin against L. monocytogenes in cuajada. Results (2 AU/ml) indicated that reuterin reduced the total count of the pathogen by 0.91 log as compared to the control after 3 days of storage. However, no significant difference (P < 0.05) was observed between the control and tested sample after 6 days of storage. In another study reuterin caused the complete inhibition of L. monocytogenes at a concentration of 8 AU/ ml in milk at 37°C after 24 h of incubation (Arqués et al. 2004) . The inactivation of L. monocytogenes by reuterin can be attributed to the concentration used, because as the concentration increases, the inactivation rate also increases (Arqués et al. 2008) .
ConCluSIon
The prevalence of Listeria monocytogenes in food products and related environments has become a serious concern for the scientific community. The persistence of L. monocytogenes strains in food products and facilities owes much to our inability to eliminate them from target sites or to kill them there, and to their own potential to grow in a chilled environment. However, the sources of contamination are different for each food product. For instance, the contamination of pork may originate at farms during its production. Birds may spread L. monocytogenes into food processing facilities/premises or directly into foods. Raw materials can be a potent source of L. monocytogenes contamination.
To prevent and reduce contamination in the food processing environment and products, it is vital to identify the key sources of contamination and to understand the primary mechanisms. The L. monocytogenes reduction at a farm level can be achieved by specific farm management practices and this can contribute to a general decrease of L. monocytogenes level in the food chain. Access of wild animals, and especially of birds, to the food processing environment should be prevented. The food processing plants should be subjected to extensive cleansing, disinfecting, and may be dissembled to eliminate any persistent L. monocytogenes.
The food products can be subjected to different disinfection techniques. However, some techniques alone are unable to eliminate the pathogen in such cases; the food products can be treated with combined decontamination treatments.
The food processing companies must cautiously consider the industry design, high-quality raw materials, personnel training, good manufacturing, and hygiene practices, and effective cleaning and sanitation to prevent the contamination of the product. 
